Eukaryotic cell motility is crucial during development, wound healing, the immune response, and cancer metastasis. Some eukaryotic cells can swim, but cells more commonly adhere to and crawl along the extracellular matrix. We study the relationship between hydrodynamics and adhesion that describe whether a cell is swimming, crawling, or combining these motions. Our simple model of a cell, based on the three-sphere swimmer, is capable of both swimming and crawling. As cell-matrix adhesion strength increases, the influence of hydrodynamics on migration diminish. Cells with significant adhesion can crawl with speeds much larger than their nonadherent, swimming counterparts. We predict that, while most eukaryotic cells are in the strong-adhesion limit, increasing environment viscosity or decreasing cellmatrix adhesion could lead to significant hydrodynamic effects even in crawling cells. Signatures of hydrodynamic effects include dependence of cell speed on the medium viscosity or the presence of a nearby substrate and the presence of interactions between noncontacting cells. These signatures will be suppressed at large adhesion strengths, but even strongly adherent cells will generate relevant fluid flows that will advect nearby passive particles and swimmers.
Introduction
Throughout development, wound healing, and cancer metastasis [1] [2] [3] , eukaryotic cells crawl while adherent to the extracellular matrix 4, 5 . An increasing amount of evidence shows that eukaryotic cells without strong adhesion can also swim [6] [7] [8] [9] [10] ; this is distinct from other mechanisms of adhesion-independent cell motion, e.g. "chimneying" 11, 12 or osmotic engines 13, 14 . In particular, Aoun and coworkers have observed lymphocytes directly transitioning between crawling on adhesive and swimming over nonadhesive regions of substrate, showing that cells may exploit both strategies depending on their environment 15 . We use a minimal model incorporating both hydrodynamics and regulated substrate adhesion to understand what happens when cells are intermediate between swimming and crawling.
At the micron length scales typical for eukaryotic cells, they must swim through fluids at low Reynolds number, where inertial forces become irrelevant. A low-Reynolds number swimmer is strongly constrained by the linearity and reversibility of the Stokes equations and can only achieve a net displacement if its motion is defined by a nonreciprocal, or time-irreversible, cycle of conformational changes 16, 17 . As a result, a microswimmer needs at least two degrees of freedom to achieve a productive cycle of motion -the so-called "Scallop Theorem."
Eukaryotic cells crawl on substrates by cycles of extending protrusions at the cell front and contracting the cell body at the rear (Fig. 1a) . Forward protrusions attach through complexes of adhesion proteins, and contractions are aided by the motor protein myosin through rupturing the adhesive bonds in the rear [18] [19] [20] [21] [22] [23] [24] . Since cell-substrate adhesion may be regulated to differ between the cell's back and front, crawling cells can violate the Scallop Theorem, allowing minimal models of cells as dimers to crawl 25, 26 .
To capture swimming motion, our model must have at least two degrees of freedom. We adapt the classical three-sphere swimmer 27, 28 , describing our cell as three beads connected by two arms. These arms extend and contract around a mean arm length In an expansion phase, the cell arms expand from length L − ∆L/2 to length L + ∆L/2, and in contraction vice versa; the geometric parameters L and ∆L and other parameters are listed in Table S1 .
L in a nonreciprocal sequence with prescribed distortion velocities (Fig. 1b) . Significant work has been done to characterize theoretical three-sphere swimmers [29] [30] [31] , including their interactions with walls [32] [33] [34] and swimmer-swimmer interactions 35, 36 . Threesphere swimmers have even been built experimentally with optical tweezers 37 .
Here our approach is to use a minimal model, neglecting many details of biochemistry and cell shape which have been studied extensively for crawling cells 23, [38] [39] [40] [41] [42] [43] [44] and more recently also for swimming ones 15, 45, 46 (and in a very recent example, a transition between confined crawling and swimming 47 ). In our threesphere crawler, we describe adhesion to the surface by introducing an adhesive drag force, and we examine the relationships between adhesion and the hydrodynamics of swimming and crawling cells. Finally, we examine the hydrodynamic interactions among multiple crawlers and swimmers.
tail of the cell to match the stereotypical cycle of protrusion and retraction, as shown in Fig. 1 . This differs from earlier models of cell crawling that generally prescribe the forces driving cell motion, then find the resulting cell velocities 25, 41, 42 . Instead, we set the velocities of the cell head and tail relative to the body and then solve for the forces that obey physical constraints of zero net internal force and torque (see below); this is a more typical approach for modeling swimming 48 , and allows our model to limit back to the classical three-sphere swimmer at zero adhesion.
We also include friction-like adhesion forces between the cell and substrate, the strength of which will control whether the cell's motion is primarily driven by swimming or crawling. Cellsubstrate adhesion is tightly regulated, and so we choose these adhesion strengths to depend on the cycle of the motion (Table 1), allowing the cell to crawl. These motions are also chosen to be nonreciprocal 17, 48 , so that in the absence of adhesive force, the cell may still swim. Below, we describe how we solve the Stokes equations that describe fluid flow, how we model cellsubstrate adhesion, the physical constraints on the cell, and the time-stepping algorithm we use to evolve the cell's motion.
Hydrodynamic model of forces and motion
We describe cell motion in a fluid environment by relating the forces applied to the model's three beads to their velocities. Cells move in a low Reynolds number environment where viscous drag forces dominate fluid motion and inertial forces become irrelevant 17, 48 . In this regime, the fluid flow surrounding a motile cell is described by the time-independent Stokes equations for incompressible fluids, which describe the velocity of a point at r in a fluid with pressure p subject to force density f(r) 49 :
If the force density is a tightly-localized point, with f(r) = Fδ (r), the Stokes equation can be solved as
where
is the Green's function of the Stokes equations, known as the Oseen tensor. In components, this equation is v α (r) = G αβ (r)F β . We assume Einstein summation here and throughout the paper. In an unbounded, three-dimensional fluid,
where α, β = x, y, z are the Cartesian coordinates. Generalizations of this Oseen tensor can be made to different boundary conditions 49, 50 . Eq. 4 diverges as r → 0, suggesting the velocity of a point subject to a point force is ill-defined. We handle this through the method of regularized Stokeslets 51, 52 , smearing the point force over a scale ε. In this approach, we assume that the force distribution over a bead is f (r) = Fφ ε (r), where φ ε (r) is a radially-symmetric "blob" that integrates to one. In this case,
where now the regularized response G i j (r; ε) remains finite as r → 0. G i j (r; ε) depends on the choice of φ ε (r); several variants are discussed in [51] [52] [53] [54] [55] [56] [57] . By the linearity of the Stokes equations, the velocity in response to many regularized forces is a superposition of these solutions
If the forces are known, the velocity of bead m is
If there are n b blobs in our system (composed of one or many cells, with three blobs per cell), Eq. 7 can be thought of as a set of 3n b linear equations giving the bead velocity components in terms of the force components,
whereM is a 3n b ×3n b mobility matrix defining the hydrodynamic interactions among the spheres. We will treat two hydrodynamic geometries in this paper: 1) cells with no hydrodynamic obstruction, and 2) cells near a solid surface, when we will use the regularized Stokeslet solution of Ainley et al., which creates the response to a point force near a no-slip wall from a superposition of higher-order solutions to the Stokes equations, defined in the Supplemental Material 53 . This is a regularization of the solutions by Blake 50 , which has been previously used to study the behavior of swimmers near walls [32] [33] [34] 58, 59 . For cells away from a solid substrate (Case 1), we simply take the regularized Stokeslet of 53 in the limit of cells far from the wall.
Adhesion forces
To model the effect of protein-mediated cell adhesion to a substrate or fiber, we introduce an adhesive force, F adh , by the substrate on each bead in the form of a frictional drag:
where ξ ξ ξ (t) is a 3n b × 1 column vector defining the adhesive friction coefficients for each bead in each direction depending on the current motion (and therefore time: see Table 1 ). The symbol • represents Hadamard (elementwise) multiplication: the components of the force are
Here i is a generalized index going over both bead and dimension, i.e. i = 1x, 1y, 1z, 2x · · · . This linear form is appropriate in the low-speed limit of motion over the substrate [60] [61] [62] . We choose the drag force to be tangential to the substrate, i.e. the x and y components for each bead are equal to each other, but the z component is set to zero. This is irrelevant in practice, since we will assume that an adherent cell is constrained to not move in the z direction.
Because this frictional drag force is linear in the velocity, we Table 1 The adhesive friction, ξ i , for the trailing (1), center (2) , and leading (3) beads are qualitatively described for each motion. In the simulations used for this work, ξ high = ξ and ξ low = 0.2ξ , where ξ is the global adhesion parameter. Finally, the deformation velocities for the leading (W L ) and trailing (W T ) arms are, for simplicity, chosen to be ±W or 0 for each motion. 
Motion
where I is the identity matrix. The termM (ξ ξ ξ (t) • V) is just a matrix multiplying V:
As a result, Equation (10) becomes
We define the modified mobility matrix,M , such that
The value of Eq. 15 is that we can now directly relate the velocities and the internal forces, without needing to handle the adhesion forces explicitly. This is useful because some of our physical constraints apply only to the internal forces -such as the requirement that each cell cannot exert a net internal force on itself.
Depending on the phase of the cell's motion (Table 1) , we choose the components of ξ ξ ξ (t) to be either ξ high = ξ or ξ low = 0.2ξ , where ξ is the overall scale of the adhesion. For example, during leading edge extension, adhesion at the front is low since the focal contacts have not yet matured, yet the adhesion in the rear is strong. During trailing edge contraction, the rupture of focal contacts and targeted disassembly 63 causes the adhesion on the rear bead to be lower, while other parts of the cell are more strongly bound to the surface. We only model the switching between "high" and "low" adhesion strengths during the cycle -intermediate values can also be used but require further parametrization and produce qualitatively similar results.
Constraints
Defining a cell's motion via Eq. 15 requires knowledge of all the internal forces, which can be found by applying the necessary constraints on the cell's motion. We have three important sets of constraints: 1) the pattern of extension of the cell front and back, 2) the linear geometry of the three-bead cell, where we apply the appoach of 33 , and 3) no unphysical forces or torques required on the cell. We enforce the linearity constraint as a minimal model for the cell's internal resistance to deformation. These constraints will be different for adherent cells (those attached to a surface) and non-adherent cells (those just swimming near a surface).
Constraints for non-adherent cells
For non-adherent cells (ξ = 0), F = F int , and our model is just a three-bead swimmer, as in e.g. 33 . For a fully and uniquely determined system, defining the nine components of F per cell (three for each bead) requires nine constraints.
We require that the cell is not generating a net internal force ("force-free" 48 ), providing three independent constraints:
The cell also cannot generate a net internal torque:
where, for convenience, the reference point for calculating the torques is set as the center sphere's position. Due to the symmetry of this system and the rigid-body constraints discussed later, the component of the torque along the cell's axis is always zero, so only two components of the torque constraint are independent and enforced. When simulating multiple cells at a time, each cell is required to be individually force-and torque-free. To keep track of the cell's orientation, we define a rotated set of orthonormal basis vectors as in 33 
where θ and φ are the polar and azimuthal angles, respectively. Here,α is the cell migration direction, andβ andγ are two convenient vectors normal to the cell's direction. Hence in this basis, as discussed above, only the projections of the torque ontoβ and γ are explicitly constrained. The final four constraints arise from fixing the deformation of the arms and the rigid body constraint. In defining the motion of the cell, we choose the deformation velocity of the leading arm (connecting bead 3 and 2) to be W L and that of the trailing (connecting 2 and 1) to be W T , which both depend on the phase of motion. The motion is along the axis of the crawler, so projections of the relative velocities onto the principal orientation vectorα should be equal to the deformation velocities:
The projections onto the other two orientation vectors enforce the rigid body constraint of no internal bending -the projections of the change in the orientation and length of both arms ontoβ should be equal and opposite. Specifically,
The same constraint is applied to the projection ontoγ:
These constraints are linear equations for the velocity, even though our earlier constraints are linear equations for the forces F. We can convert these to linear equations for F via Eq. 15. (See Supplemental Material for detailed explanation).
Adherent cells
We assume that an adherent cell (ξ > 0) does not move away from the substrate -it is strongly attached. Instead of explicitly modeling an attachment force, we handle this by constraining the z-directional velocity for each bead to be zero:
A crawler will thus stay at a fixed distance away from the substrate (z = 0); we choose the crawler to be at height z = a, i.e. with the spheres resting on the surface. Again, this constraint on the velocity can be converted into a constraint on the forces through Eq. 15. Including these three additional constraints requires relaxation of three constraints from the non-adherent case. This avoids mathematical overdetermination of the system and physical redundancy of constraints for an adherent cell.
We relax the z-component of the force-free condition, as there must be some vertical force keeping the cell bound to the surface. Additionally, we remove the now-redundant constraint of Eq. 23, since attachment to the surface mandates fixing of the polar angle to θ = π/2. Finally, we remove the projection of the torque-free condition ontoγ due to the relaxation of the force-free condition's z-component.
The constraint matrix
Once all of the constraint equations have been written in terms of the forces F int , we will have an equation of the form
whereĈ and d for both adherent and non-adherent cases are explicitly defined in the Supplemental Material. We solve Eq. 26 using LU factorization (MATLAB's linsolve).
Threshold force
In our simulation, we prescribe the relative motion of the front and back of the cell and solve for the forces needed to move at this speed. However, the internal force required increases with increasing adhesion, yet a cell can only exert a finite amount of force. We apply a simple limitation on the internal force exerted on any bead. If the prescribed deformation of the arms requires an internal force F req of a magnitude greater than a threshold force F thresh , the cell exerts only its maximal force, resulting in a linear scaling of all internal forces:
This constraint is enforced after defining the matrix in Eq. 26.
Since the only nonzero terms of d refer to the deformation velocity constraints (Eq. 21 and 22), any linear scaling of F int still satisfies all other constraints. As a result, the scaled forces continue to obey all the necessary physics of the system but reduce the cell's overall center-of-mass velocity. If the determined velocities are scaled down in this manner, we adapt the time step used as ∆t = ∆t · max |F req | F thresh . This allows the same deformation length to occur during each iteration, reducing the computational cost of the simulation.
Algorithm
We employ a time-stepping algorithm to numerically solve the problem, outlined below. The parameters used for the simulations are presented in the Supplemental Material. The mobility tensors, forces, and velocities are reevaluated at each step.
1. Determine which arm is extending and/or contracting, and define the appropriate adhesion strength (Table 1) 2. Calculate the modified mobility matrix,M 6. Update the configuration via Euler's method with a defined time step ∆t: R(t + ∆t) = R(t) + V∆t
Parameter setting
Throughout this paper, we will use convenient units of mean cell arm length L = 1, arm speeds W = 0.1, and fluid viscosity η = 1.
To map between our simulation units and experimental measurements for different cells, we must have estimates for these different numbers, as well as for the friction coefficient ξ and the threshold force F thresh . Fibroblasts on nanofibers have a protrusive velocity of order 0.1µm/s 64 , so in this context, our units of velocity can be interpreted as µm/s; the maximum velocities of order 0.02 in simulation units correspond to speeds of ∼ 70µm/hr, consistent with 64 .
If we assume η = 10 −3 Pa s is the viscosity of water and L = 100µm (order of magnitude correct for fibroblasts 64, 65 , though they can be very long in narrow confinement or on fibers), our simulation unit of force corresponds to 10 −3 Pa s × 1µm s −1 × 100µm = 0.1pN. We expect these maximum forces to be on the order of nanonewtons, so this suggests F thresh ≈ 10 3 − 10 5 in simulation units. Similarly, one simulation unit of the drag ξ is 10 −3 Pa s × 100µm = 0.1µm Pa s = 10 −4 nN/(µm/s).
The only remaining variable to be set is the drag coefficient ξ : this is a difficult parameter to estimate, and in general we will vary ξ over a broad range and see what consequences follow. We make an initial, rough estimate by using data from traction stress experiments on keratocytes. Ref. 24 found a linear relationship between actin velocity v and substrate stress σ of the form σ = kv + σ 0 , with k ∼ 0.2 − 1kPa/(µm/s). We estimate ξ as the product of k with the contact area of one section of the cell, A ≈ 20µm 2 , or ξ ∼ 10nN/(µm/s). This suggests that in our simulation units, strongly adherent cells will have a friction coefficient of ξ ≈ 10 5 .
When we are below the threshold force, the dynamics of our crawler will be largely controlled by the relative importance of hydrodynamic flow and adhesion. We characterize this with the unitless parameter ξ /6πηL. Strongly adherent cells will have ξ /6πηL ≈ 5000. Cells with weaker adhesion (e.g. Dictyostelium amoebae or cells on less adhesive substrates) or cells in more viscous environments will have a stronger relative importance of hydrodynamics.
The specific parameters used in each figure are presented either in the figure or in Tables S1-S3 .
Results

Biphasic dependence of migration speed on adhesion strength
A typical velocity profile of a migrating three-sphere cell is shown in Fig. 3 . The model captures the biphasic dependence on adhesion strength that has been observed experimentally 66, 67 . A weakly-adherent cell slips along the surface, essentially swimming. Movement in this limit is slow -low Reynolds number swimming is typically quite inefficient 17 . As adhesion increases, the cell can better grip the surface and drag itself along, with velocity increasing until a plateau at a value roughly sixty times greater than the swimming speed. At sufficiently high adhesion, to maintain its motion, the cell would have to exceed the threshold force F thresh . Constrained by this maximal force, the cell must slow down and eventually stop moving.
The position of the stalling transition at high adhesion can be modulated via changing F thresh . In the case of a single crawler where the forces are dominated by adhesion, we can exactly solve for the motion using an approach similar to that of 28 . We find, for the modulation of adhesion strengths outlined in Table 1 , that the center-of-mass velocity is given by
where α = ξ low /ξ high (α = 0.2 in our simulations), and F * = Fig. 3 A typical velocity profile for a three-sphere cell over ξ /6πηL exhibits a biphasic dependence on adhesion strength. At low adhesion, the cell exhibits a slipping, swimming behavior. As adhesion increases, the cell is better able to grip the surface and crawl, until the adhesion becomes too strong, which leads to arrested migration. Decreasing (dotted, circles) and raising (dashed, triangles) the threshold force F thresh moves the turning point linearly in the appropriate direction. Profiles were generated for F thresh = 10 2 , 10 3 , and 10 4 . Other parameters are as in Table S1 . Table  S1 . Table  S1 .
2+α is a characteristic force. (Details of derivation are in the Supplemental Material.) This result neglects all hydrodynamic interactions, but successfully describes the plateau in v cm and subsequent arrest.
We can see from Eq. 28 that the plateau velocity W 1−α 4+2α depends only on the speed of protrusion W and the ratio between the high and low levels of adhesion. Unsurprisingly, when there is no difference between the adhesion at the front and the back of the cell (α = ξ low /ξ high = 1), the cell cannot crawl via adhesion. We can also identify the critical adhesion strength at which the cell begins to stall, the point at which F * = F thresh , or ξ thresh = 2+α 1+α F thresh /W .
Substrate hydrodynamics
Because fluid cannot penetrate the substrate or slip past it, the substrate alters the hydrodynamic flow near the cell, altering swimming patterns, with attraction or repulsion depending on orientation and distance from the wall [68] [69] [70] [71] . Does the presence of a wall alter crawling speeds? We calculated velocity profiles for a cell crawling on a planar substrate or on an isolated fiber 64, 72, 73 (Fig. 4a) . We describe the fiber as infinitely thin with negligible hydrodynamic effects -this would correspond to the limit of being infinitely far away from a supporting wall. We see that cells on substrates crawl more slowly than those on fibers -but only when ξ is sufficiently small. At large ξ , these hydrodynamic drag distinctions are negligible.
This substrate-induced drag would also be present for a cell crawling along a fiber suspended above a substrate, as in the experiments of 73 , and might provide an experimental signature of hydrodynamics-dependent motility. We show that the speed of a cell on a fiber depends on distance from the substrate (Fig. 4b) . The influence of the wall depends on adhesion strength and the distance from the wall, vanishing almost entirely when the cell is 10a above the surface, and with this distance becoming smaller at higher adhesions. Streamlines for crawlers on fibers at differing heights from the substrate are shown in Fig. S4 .
Crawlers generate fluid flow
While we have shown so far that hydrodynamic effects do not determine the cell's migration speed in the high adhesion limit, this does not mean that a crawling cell does not interact with its surrounding fluid. We calculate the flow field v(r) around a cell, averaged over five full motion cycles. We measure this flow field as a function of distance from the the cell's center of mass, finding v on a grid of points defined around the cell's center of mass using Eq. 6. The time-averaged flow fields for a nonadherent cell (ξ = 0) and a strongly adherent crawler (ξ /6πηL = 10 3 ) on a wall are shown in Fig. 5 .
While the swimmer produces a velocity field similar to a force quadrupole, the crawler behaves as three individual Stokeslets in the near-field limit and as a single Stokeslet far away; this is particularly apparent when we simulate crawlers on fibers far from substrates (Figs. S1-S3 ). The critical difference between the crawler and the swimmer is that, because the crawler can exert force on a substrate, it can create a force monopole on the surrounding fluid without a net internal force, creating longer-range responses in flow than the three-sphere swimmer 35 .
Interactions between adherent cells
To quantify hydrodynamic interactions between cells, we study the trajectories of cells crawling toward each other on initially antiparallel paths separated by a distance of 0.4L. We initially set the cell protrusion cycles to be in phase. In the low adhesion limit, the two cells briefly revolve around each other before escaping and continuing on straight tracks, but at a different angle (Fig. 6a, blue) . Conversely, in the high adhesion limit, the two crawling cells move directly past one another on their original paths without any angular deflection (Fig. 6a, purple) . Table S2 .
Deflection, or scattering, was measured in terms of the net angular displacement of the azimuthal angle (∆φ ) over the period of interaction (Fig. 6b ). This is motivated by the computational work of 35, 36, 74 , who studied hydrodynamic interactions for pure swimmers. Consistent with our observations in the single-cell case, hydrodynamic scattering effects vanish rapidly with strengthening adhesion, suggesting that strongly-adherent crawling cells can no longer feel each other through the fluid (Fig. 6c) . Two approaching swimming or weakly-adherent cells interact with each other through perturbations of the fluid, then continue forward along a new, fixed trajectory once they are sufficiently far enough apart to no longer influence each other. By contrast, strongly adherent cells remain on their original paths, unaffected by and seemingly ignorant of the proximity of another cell.
In Fig. 6 we have assumed that the cells' motion cycles are in phase, but hydrodynamic interactions will also depend on the relative phase between the crawlers' motions (Fig. S5) . We note that in these cases, the angular displacement ∆φ may be a misleading metric for hydrodynamic interactions, as cells can oscillate but remain on their original trajectories.
The hydrodynamic interactions of the weakly-adherent threesphere crawlers in Fig. 6 are similar to those observed for threesphere swimmers by 36 . However, even in the limit of true swimming at zero adhesion, we do not see the large-angle scattering events reported in that paper. We believe this distinction arises from a subtle difference between our numerical methods, indicating that these events may be more dependent on numerical details than immediately apparent.
Crawlers transiently perturb nearby swimmers
Finally, we examine the motion of a cell swimming near a wall and assess its motion under the influence of crawlers on the wall. This is motivated by tumor cell migration and adhesion to blood vessel walls, where the hydrodynamic effects of interstitial flow, matrix geometries, and existing epithelial cells may be significant 75, 76 . For these simulations, we choose crawlers and swimmers to have initial directions within the xz plane, allowing for a Table S3 .
simpler analysis with the cells remaining in this plane.
The trajectories of a swimmer in the presence of cells crawling below it are depicted in Fig. 7 , with cells crawling in the same direction as the swimmer in a), and opposing the swimmer in b). We see significant deviations from the motion of a swimmer in the absence of crawlers (gray). The swimmer experiences longitudinal bumps and lateral advection in its trajectory corresponding to the passage of a cell crawling underneath. This behavior is consistent with the flow fields shown in Fig. 5 -the approaching crawler pushes the fluid up and forward to repel the swimmer but pulls the fluid back down as it passes.
Discussion
Our simple three-sphere crawler model makes contact between low-Reynolds number swimming and cell crawling, allowing us to determine the relative prominence of hydrodynamic effects 1-19 | 7 and adhesion-driven motion in adherent cell motility. Sufficiently high adhesion strength (ξ /6πηL 1) will suppress any hydrodynamic effects on a single cell's motion or on two adherent cells, though even strongly adherent cells still generate significant flows around them that can alter the motion of nearby passive particles or swimming cells. However, depending on which signature of hydrodynamic flow is being observed, the level of adhesion required to suppress it varies. For instance, the hydrodynamic drag induced by a substrate significantly reduces a cell's velocity until ξ /6πηL ≈ 10 1 . Hydrodynamic interactions between cells are expected to be more sensitive to adhesion strength, with suppression observed for adhesion above ξ /6πηL ≈ 10 −2 .
Our simulations suggest several potential experimental tests for the presence of hydrodynamic effects in crawling cells. First, we note that cells crawling on a fiber will have their motility reduced by the presence of a wall at sufficiently low adhesion strengths (Fig. 4) . This effect could be observed in experiments on fibers 72, 73 . Secondly, hydrodynamic interactions between weakly adherent cells can be observed (Fig. 6) . Third, we note that we predict that increasing fluid viscosity can slow the motion of weakly adherent cells (Fig. 3) . This is in contrast to the limit of freely swimming cells where, holding the shape dynamics constant, changing viscosity will not change swimming speed -and also the limit of strongly adherent crawlers, where viscosity can be neglected. (Swimmer speed also depends on viscosity when the swimmer's forces, rather than motion, are prescribed, but this arises from a fundamentally different reason 77 .) Depending on the experiment, cell type, and viscogen, increased viscosity has been seen to both increase cell speed 78 and decrease it 79, 80 ; however, we emphasize that interpreting experiments with increased viscosity can be difficult due to the different effective viscosities at different scales and the effect of external viscosity on receptor dynamics 81 . We should also note that our plots, such as Fig. 3 , which describe velocities as a function of ξ /6πηL, show the dependence when ξ is varied, holding F thresh constant in simulation units (i.e. holding η = 1 constant). If η is varied, F thresh should be constant in real units, not simulation units, and v cm will not increase with increasing η.
We see qualitative, but not quantitative, agreement with experiments varying the degree of adhesive coating on the substrate, with our model predicting a slower speed for swimming than for crawling. This is consistent with, e.g., Aoun et al. 15 , who see surface-adjacent but nonadherent swimming cells moving with a lower speed than crawling, adherent cells, and the foundational experiments of Barry and Bretscher 8 . Similarly, calculations by Bae and Bodenschatz demonstrate that, if there is no retrograde cell surface flow, swimming by cell protrusions may be a factor of ten slower than crawling with the same set of shape dynamics 82 . We see a reduction by a factor of around 60 in our model, as we have included fewer details of shape dynamics. However, these results are all broadly consistent with the emerging consensus that the flow of the cell surface is a primary driver of eukaryotic cell swimming 10, 15 . As our results do not include membrane flow, we do not expect quantitative agreement. We also note that other mechanisms have been suggested to explain the non-monotonic velocity-adhesion curve, including cell shape changes with adhesive wetting 83 and links between adhesivity and protrusion 84 ; we have not addressed either of these aspects.
Our coarse-grained, minimal model provides intuition for experiments in which the apparent distinction whether cells are swimming or crawling is ambiguous, because hydrodynamic effects may alter a crawling cell's speed. The model suggests that average speed in different conditions, including different viscosities and hydrodynamic geometries, as well as intercellular interactions may be used at least as a qualitative metric to characterize the extent of hydrodynamic effects in motility. Moreover, further improvement and inspection of this model may be able to describe how crawling cells may attract or repel nearby particles or swimmers in the context of problems in collective motility, cancer metastasis, and biofilm dynamics. In particular, we note that 85 have recently shown that nutrient transport toward the surface can be a consequence of active swimmers near a surface; our results provide a more microscopic view of this problem and how it relates to crawling eukaryotic cells. Extensions of our model could also be made to study mixing induced by eukaryotic cell crawling, as has been done for ciliary carpets 86 . In addition, as the dynamics of swimmers in non-Newtonian and viscoelastic environments has proved to be a fertile area 87, 88 , it is a natural question what effect these mechanical features will have on crawling cells in biological complex fluids.
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Supplementary Movie Captions
• Movie 1: Anti-parallel cells at low adhesion, corresponding with the parameters of Fig. 6a .
• Movie 2: Anti-parallel cells at high adhesion, corresponding with the parameters of Fig. 6b .
• Movie 3 and 4: Swimmer with four crawlers in the same (3) or opposite (4) direction with a superimposed isolated trajectory. Parameters correspond to those of Fig. 7 . Fig. S1 Far-field time-averaged flow fields for a swimmer (ξ /6πηL = 0) (a) and a crawler (ξ /6πηL = 10 3 ) (b) moving to the right far from a wall. 
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A Analytical results in the large-adhesion limit
In the large-adhesion limit, we can neglect hydrodynamics and Eq. 15 is equivalent to:
i.e. the motion of one bead is only controlled by the force on that bead and the friction coefficient on the bead. This allows us to simply compute the velocity of a single cell in the high-adhesion limit. To do this, we simplify to one dimension, following the approach of 28 , and find the internal forces that satisfy
This can be done analytically due to the simplicity of the model, though we do not write it explicitly here. These forces then determine
where µ i = 1/ξ i is a mobility for bead i. This gives the center-of-mass velocity at a given instant, and depends on W L and W T as well as ξ i (t) for each bead. In addition, the forces determine the maximum required force max|F req |; we scale the internal forces as in the main text if max|F req | exceeds F thresh .
We can then compute the time average of v cm (t) over one whole cycle. During each phase of the cycle, the center of mass velocity is constant, so this time average is merely
where the velocities for each phase are worked out by choosing the appropriate values of ξ 1 , ξ 2 , and ξ 3 and W L and W T from Table  1 . Note that for working out the time T of each phase, if the arm is contracting with a constant rate W , this time is merely ∆L/W ; however, if the force is above the threshold, then the contraction will be slower, taking a time
Computing the average, and simplifying, yields Eq. 28 in the main text. We have found computer algebra systems (Mathematica) useful for keeping track of the special cases for when the force exceeds the threshold.
We find that this analytic result captures our full simulations very well in the large-adhesion limit (Fig. S6) . Table S1 .
B The regularized Blake tensor
We apply the results of 53 to compute how the fluid velocity at point R m depends on a force F n exerted at point R n , in the presence of a substrate with a no-slip boundary condition at z = 0 (with a normal vector ofê z ). This regularized Green's function generalizes the
Here ε defines the width of these functions and, therefore, the characteristic length over which to smooth the forces. Thus we set ε equal to the sphere radius a so that the sphere becomes a ball of finite force density instead of a singular point force.
The form Eq. S7 is useful only if the forces on each sphere are already known. Since we must also calculate the individual forces in addition to the velocities through Eq. 10, the expression in Eq. S7 can be rearranged into a more functional form, which is a 3×3 mobility submatrix defined by the hydrodynamic interaction from sphere n acting on sphere m,ŝ n→m , that satisfies the relationship defined in Eq. 7. We define the mobility submatrices:
in which the subscripted n is implied on all relevant terms. The standard mobility matrix,M, is then an arrangement of these mobility 
To solve the system with friction given by Eq. 15, the modified mobility matrix,M , is numerically calculated. The submatrices,Ŝ , are then defined such that
which can now be used for all calculations. For example, to rewrite the constraints presented in Eq. 21-24,
C Constraint matrices
The constraint matrices are explicitly defined here, using the same notation as before, and where 
When we define the constraints that keep the cell torque-free, we usê 
D Parameters
Below are the parameters used for the simulations discussed in this project. Parameters are given in the simulation units discussed in the Methods of the main paper. Table S1 provides all the parameters for the standard simulation. Tables S2-S3 refer to their respective simulations discussed above. Parameters not listed in Tables S2-S3 are unchanged from the standard parameter values given in Table  S1 . Table S3 Parameters for the swimmer among multiple crawlers. Crawlers are generated every 90 cycles and removed from the system once the distance between the swimmer and crawler is sufficiently large (after around 60 cycles) to reduce computational load. R 
